Background Previous studies in adults with asthma incorporating the control of sputum eosinophils into management strategies have shown significant reductions in exacerbations. A study was undertaken to investigate whether this strategy would be successful in children with severe asthma. Methods 55 children (7e17 years) with severe asthma were randomised to either a conventional symptombased management strategy or to an inflammationbased strategy (principally sputum eosinophils). Children were seen 3-monthly over a 1-year period.
INTRODUCTION
Asthma is a chronic inflammatory disorder characterised by airway hyper-responsiveness and variable airflow obstruction which manifest as combinations of wheeze, cough and breathlessness. Current guidelines recommend that treatment is increased until control is achieved. 1e3 Control is defined in terms of self-or parent-reported symptoms and measurements of airway obstruction. However, each has its limitations: symptom reporting is subjective and lacks specificity and even children with severe asthma may have normal lung function. 4 Despite the limitations of current asthma guidelines and conventional assessment tools, for the majority of patients with asthma they are adequate to guide therapy and maintain control with occasional short-acting b agonist (SABA) use and low-dose inhaled corticosteroids (ICS). However, there remain a small number of children who require high-dose ICS and add-on therapies. Once higher treatment thresholds have been passed, it becomes ever more important to make correct management decisions and inadequacies in the current knowledge may have the most serious consequences for patients with severe asthma. If treatment is inadequate, symptom control will be poor, there may be an increased risk of exacerbations and an impact on quality of life. 5 However, any increases in treatment need to be balanced against the potential side effects of highdose ICS 6 and add-on therapies. 7 The most striking limitation of current guidelines is that, although asthma is an inflammatory disorder and ICS, the mainstay of treatment, are aimed at reducing inflammation, no measures of inflammation are included in routine assessments. Furthermore, current assessment tools (clinical control and spirometry) relate poorly to underlying eosinophilic inflammation. 8 The absence of sputum eosinophils has been shown to be a predictor for successful ICS dose reduction in children with asthma, 9 and in adult studies sputum eosinophils have been shown to be the hallmark of steroidresponsive disease. 10e12 Previous studies in adults which have incorporated the measurement and control of sputum eosinophils into management algorithms have demonstrated a reduction in exacerbations in those managed according to sputum eosinophil counts. 13e15 We hypothesised
Key messages
What is the key question?
< Can sputum eosinophil counts be used to guide management decisions leading to a reduction in exacerbations in children with severe asthma?
What is the bottom line?
< Exacerbations did not vary significantly in those managed according to an inflammation-based strategy compared with a conventional symptom-based strategy.
Why read on?
< This is the first such study carried out in children with severe asthma and the results are different from those reported for previous adult studies using a similar strategy. that, if a similar strategy was used in children with severe asthma, this would lead to a reduction in exacerbations and improvement in asthma control.
METHODS Subjects
Children with severe asthma diagnosed after detailed evaluation by a paediatric respiratory physician and requiring treatment at steps 4 or 5 of the British Thoracic Society/Scottish Intercollegiate Guidelines Network (BTS/SIGN) guidelines 3 ($500 mg fluticasone propionate (FP) per day or equivalent ($800 mg budesonide per day) plus a long-acting b agonist plus a trial of leukotriene receptor antagonist) were recruited from the Paediatric Outpatient Clinic at the Royal Brompton Hospital, UK between December 2005 and September 2006. There was no requirement for the patients to have current symptoms because we felt that this level of treatment constituted a sufficient risk to justify enrolment in the study. Patients were excluded if they were currently prescribed an immunomodulatory steroidsparing agent (such as ciclosporin, methotrexate or azathioprine) or a continuous infusion of subcutaneous terbutaline, or had received intramuscular triamcinolone in the previous 3 months or had another significant chronic respiratory or medical condition. Atopy was assessed at enrolment and defined as at least one positive skin prick test to common aeroallergens (cat, dog, tree pollen, grass pollen and Aspergillus fumigatus) using standardised extracts (Alk-Abelló, Hørsholm, Denmark).
Study design
Eligible subjects were randomly allocated to the symptom management group or the inflammatory management group using random numbers generated by an independent statistician, stratified for maintenance oral corticosteroid (OCS) use. Neither the subjects and their parents nor the health professionals involved in their clinical care knew the randomisation group. All subjects were seen during four routine clinic visits every 3 months, at which time the study procedures outlined below were carried out. Subjects were reviewed 3 months after their final study visit to assess clinical status and spirometry only. The study plan is shown in figure 1 .
The study was approved by the Royal Brompton Hospital ethics committee, carers gave informed written consent and children gave age-appropriate assent. The study was registered with http://clinicaltrials.gov (NCT00262340).
Symptom and inflammatory management algorithms
In the symptom management group, treatment decisions were based on the number of major exacerbations (defined as those necessitating treatment with high-dose OCS (>20 mg/day) for $2 days) in the preceding 3 months and SABA use (daytime and nocturnal) in the preceding 2 weeks (excluding routine use such as before exercise). The symptom-based algorithm was completed by a paediatrician blind to the subject's randomisation group. In the inflammatory management group, treatment decisions were based on the differential sputum eosinophil count (performed by an investigator blind to the identity, clinical status and randomisation group of the subject). If no sputum sample was produced the exhaled nitric oxide (FE NO ) level was used instead. The treatment decisions are summarised in table 1. The 2.5% level for sputum eosinophils was chosen as this is considered to be the upper limit of normal for sputum eosinophilia in children. 16 17 
Treatment changes
Doses of ICS were adjusted in increments of 250 mg FP or equivalent per day. For those already prescribed maintenance OCS, doses were changed in increments of 5 mg on alternate days. All subjects were contacted within 1 week of the study visit with treatment instructions. As a safety measure, subjects and their parents or the consultant in charge of their care could cap the ICS dose at 1000 mg/day FP or equivalent.
Study procedures
Subjects were seen at the same time of day for each of their study visits.
FE NO was measured using an online single breath chemiluminescence analyser (NIOX, Aerocrine, Stockholm, Sweden) at a flow rate of 50 ml/s according to ERS/ATS guidelines. 18 Baseline spirometry was performed using a portable spirometer (Compact Vitalograph Ltd, Buckingham, UK) in accordance with ATS/ERS guidelines. 19 A dose of 1000 mg salbutamol (10 puffs) was administered by a metered dose inhaler through a spacer and spirometry repeated after 15 min and bronchodilator reversibility calculated. Hypertonic saline used for sputum induction can cause bronchoconstriction, but it has been shown to be safe in children with severe asthma if pretreated with 1000 mg salbutamol. 20 Sputum induction was performed using a DeVilbiss 2000 Ultrasonic nebuliser (Somerset, Pennsylvania, USA) and inhalation of hypertonic (3.5%) saline as previously described. 20 Subjects with a post-bronchodilator forced expiratory volume in 1 s (FEV 1 ) <65% predicted or previous adverse events with hypertonic saline underwent induction with normal (0.9%) saline.
Selected sputum plugs were processed as previously reported. 21 Differential cell counts were determined by assessment of 400 non-squamous cells on Reastain Quick-Diff-stained cytospins. Figure 1 Study plan. BDR, bronchodilator reversibility; FE NO , exhaled nitric oxide. At each study visit, data on asthma control were collected including daytime symptoms, nocturnal symptoms, exerciseinduced symptoms, SABA use in the 2 weeks preceding the study visit and control in a typical week over the previous 3 months. The number of exacerbations since the previous study visit was recorded. Asthma exacerbations were managed in accordance with BTS guidelines and subjects were not routinely seen by a member of the study team during an exacerbation. Adherence was assessed using prescription records.
Definition of minor and major exacerbations
A minor exacerbation was defined as any deterioration in asthma control which necessitated the use of bronchodilators >5 times per week (excluding routine use such as before exercise). A major exacerbation was defined as deterioration in asthma control requiring a course of high-dose OCS ($20 mg/ day) for at least 2 days. Exacerbations were based on self-reports and verified using GP prescription records and hospital admission data. As children were not routinely seen by the study team during an exacerbation, we felt that the need for OCS had to be determined by the clinician who saw the child in exacerbation and it was not ethical to try to use preset criteria.
Statistical analysis
The primary analysis was based on the rate of major exacerbations and asthma control as assessed by symptom-free days and SABA use. The method of weighted means was used to compare rates of exacerbations in the symptom management and inflammatory management groups (total exacerbations in each group divided by the total follow-up time for that group). 22 The p value was calculated by assuming a Poisson distribution for the number of exacerbations. The variability in exacerbation rates between subjects was accounted for by using an overdispersion parameter. The secondary outcome was the daily dose of ICS prescribed over the course of the study. Comparisons between the two management groups for the ICS dose prescribed at the start and end of the study were made using the ManneWhitney test. Longitudinal analysis of variables such as ICS dose, measured multiple times over the course of the study, was carried out using multilevel mixed models. Fixed effect models were used to assess the effect of the management strategy on each variable and a correction was also made to adjust for baseline values for each parameter. Comparison of proportions between groups was performed using the Pearson c 2 test. Subjects were analysed on an intention-to-treat basis. All analyses were carried out using SPSS software V.16 except the longitudinal analysis which was carried out using STATA software V.10. The significance level for all tests was set at p<0.05. A power calculation was not possible as data were not available for the annual exacerbation rate of this group of patients. As this was the first study of its kind to be carried out in children, the sample size was based on a previous adult study. 14 
RESULTS
Fifty-five subjects were recruited, of which 49 (24 in the symptom management group) fulfilled the criteria for study completion (attendance of at least two study visits and a followup visit within the study period). One subject was withdrawn from the study because of poor asthma control. The trial profile is shown in figure 2 . A total of 204 study visits were completed. The two groups were well matched at baseline for demographic and clinical characteristics (table 2) .
Sputum induction was successful on 174 (85%) occasions; 152 of these samples were evaluable and a sputum differential cell count obtained. Fifty-one subjects (93%) produced at least one evaluable sputum sample over the course of the study. FE NO was used to determine management on 27 occasions. Sputum induction was well tolerated with only minor side effects reported. On 92 (45%) occasions (46 occasions in each group) the decision according to the inflammatory and symptom management algorithms was the same (discordant:concordant ratio 1.2). 23 The inflammatory management group had fewer total and major cumulative exacerbations over the course of the study than the symptom management group (100 vs 132 and 42 vs 74, respectively). The weighted mean rates of total, major and minor exacerbations were non-significantly lower in the inflammatory group than in the symptom group (3.6 vs 4.8, incident rate ratio (IRR) 0.75, 95% CI 0.54 to 1.04, p¼0.082 for total exacerbations; 1.9 vs 2.7, IRR 0.73, 95% CI 0.42 to 1.28, p¼0.274 for major exacerbations; and 1.7 vs 2.1, IRR 0.79, 95% CI 0.47 to 1.27, p¼0.311 for minor exacerbations).
The proportion of subjects having 0, 1 or $2 exacerbations over the duration of the study was not significantly different between the groups (figure 3). There was no significant difference between the groups in total number of hospital admissions (13 for the inflammatory group vs 10 for the symptom group).
In a post hoc analysis, significantly fewer subjects in the inflammatory management group had an exacerbation (total and major) within 14 days of the study visit and this significant difference persisted until 28 days after the study visit for total exacerbations. No differences existed by 90 days (figure 4).
The inflammatory management group had 0.4 more symptom-free days per week (p¼0.32) and 0.5 fewer disturbed nights (p¼0.10) per week over the course of the study; however, these results are not statistically significant (figure E1 in online supplement). The proportion of subjects in the inflammatory group using SABA >5 times in a week fell from 56% at visit 1 to 50% at the final follow-up, whereas the proportion in the symptom group increased from 54% to 67%. In neither group were these changes significant.
In each of the groups the median daily dose of ICS at the end of the study was non-significantly higher than at the start. Over the course of the study the inflammatory group were prescribed a non-significantly lower ICS dose by 43 mg per day compared with the symptom group (p¼0.40; figure E2 in online supplement).
Sputum eosinophils in the inflammatory group fell from a median of 5.3% at visit 1 to 1.5% at visit 4, whereas there was a slight increase in sputum eosinophil count in the symptom group from 1.8% to 2.3%. For neither group were these changes significant. Over the duration of the study the sputum eosinophil count was non-significantly higher in the inflammatory group by 2.2% (p¼0.48; figure 5 ). In total, 46% of sputum samples had an eosinophil count of #2.5% (49% in the symptom group and 42% in the inflammatory group). This did not vary significantly between the groups, nor did it change significantly for either group over the course of the study. The FE NO levels did not change significantly over the study period (figure E3 in online supplement).
Both groups showed a significant improvement in FEV 1 z score from the start to the end of the study. There was no significant difference between the groups. The mean (SE) difference was 0.51 (0.37) for the symptom group and 0.49 (0.34) for the inflammatory group (figure E4 in online supplement). Bronchodilator reversibility did not change significantly over the duration of the study for either group.
Post hoc subgroup analysis showed that boys in the inflammatory group had a significantly lower rate of major exacerbations than boys in the symptom management group (median (IQR) 0.45 (0e1.3) vs. 2.8 (0e6.1), p¼0.018). Subgroup analyses according to other baseline characteristics including sex, age (12 years), atopy and sputum eosinophil count (normal or abnormal) were not associated with differences between the groups.
DISCUSSION
This is the first study to report the outcome of a randomised controlled trial incorporating the measure and control of sputum eosinophils into the management algorithm for children with severe asthma. Although there was a reduction in the overall rate of total and major exacerbations in the inflammatory management group, this was not statistically significant and thus these findings are different from those reported for previous studies in adult asthma populations.
13e15 Nonetheless, a number of interesting findings emerged to indicate that there may be some effect of an inflammation-based management strategy. Although the primary outcome was negative, it cannot necessarily be inferred that sputum eosinophils were the wrong target but rather that the strategy to control them was not successful. It is striking that sputum eosinophils were controlled no better in the inflammatory management group than in the symptom group. The most plausible explanation for the failure to control eosinophilic inflammation adequately lies in the treatment algorithm. The strategy of increasing doses of ICS was based on the hypothesis that there would be a continued anti-inflammatory effect at higher than conventional doses of ICS. The plateau of the dose-response curve for ICS is reported to be 200e500 mg/day FP equivalent.
24e27 There is some evidence that increasing to very high doses of FP (2000 mg/day) or budesonide (1600 mg/day) may afford some clinical benefit in very severe asthma. 24 25 However, this evidence is largely derived from adult studies and there is a lack of data in children with severe asthma on the inflammatory response to high-dose ICS. Allowing a cap of 1000 mg/day FP in some children may have diminished the possibility of seeing an effect from very high doses of ICS. A more effective strategy may have been to have had a fixed ICS threshold for changing to OCS rather than leaving this decision to the discretion of the respiratory paediatrician in charge of the child's asthma management. A major concern in children with asthma is the side effects of corticosteroids. It is difficult to know whether this seemingly more aggressive strategy would have been acceptable to the children and their parents and a balance must always be struck between effectively controlling asthma symptoms and exacerbations and the risk of treatment side effects. However, it clearly needs to be the subject of a further study and the reluctance to step up to regular OCS and to allow a 1000 mg/day FP cap are acknowledged weaknesses of the algorithm used in this study. This issue is further compounded by problems with adherence. Prescription uptake while enrolled in the study was <80% in over half the subjects for whom prescription records were available, which is similar to that previously reported for adults and children with difficult asthma. 28 29 It is likely that both management strategies would have been affected by poor adherence and alternative treatment algorithms may have been no more effective without improved adherence. It would have been useful to have obtained more accurate data on adherence using an electronic recording device 30 and improved adherence may have been achieved with closer monitoring. 31 Sputum eosinophils only started to fall in the inflammatory management group in the latter part of the study. The duration of the study in two other adult sputum eosinophil-based management studies was 18e24 months. 13 15 A greater length of follow-up in this study would have allowed an opportunity to see if this reduction in sputum eosinophils was sustained and whether this had an effect on exacerbations. It is also noteworthy that the number experiencing a major exacerbation within 14 days of the study visit was significantly less in the inflammatory group and there was also a significant decrease for all exacerbations up to 28 days after the study visit. It is possible that an effect was missed in this study because the measurements of inflammation were not carried out sufficiently frequently. In the study carried out in adults by Green et al, subjects were seen every month for the first 4 months and then 2-monthly for the remaining 8 months.
14 A greater frequency of measurements may have led to more precise tailoring of treatment and tighter control of eosinophils.
It is possible that the results would have been different if a larger number of children could have been recruited. In the study carried out by Green et al on which the power calculation for this study was based, 68 patients completed follow-up. 14 However, there were a greater number of exacerbations requiring high-dose OCS (the primary outcome measure) in our study, despite the lower subject numbers. However, a larger study population would have been preferable. This is the first study of this kind in children with severe asthma and the results can be used to inform and power future studies.
The success rate for obtaining an evaluable sputum sample was comparable to that reported in other paediatric studies. 16 When a sputum eosinophil count was not available, FE NO was used instead. Previous studies in children which have incorporated FE NO into management strategies 31e33 have not shown a reduction in exacerbations compared with a symptom-based management strategy. Using FE NO as a surrogate marker for sputum eosinophils may have reduced the possibility of demonstrating a significant effect in this study, although a subgroup analysis of those for whom all treatment decisions were based on sputum eosinophils (and FE NO was not used at all) did not show significant differences in outcomes. Furthermore, at present there is not another reliable easily measurable non-invasive biomarker for eosinophilic inflammation.
Some of the limitations discussed, particularly those related to treatment options and frequency of visits, are reflective of clinical paediatric practice and these results should be interpreted in this context. In view of these constraints, it would be wrong to draw the conclusion that sputum eosinophils are not a marker of steroid-responsive disease in paediatric severe asthma and should not be used as a treatment target; rather, the way in which we aim to control inflammation needs to be refined. The results of the subgroup analyses suggest that certain groups may benefit from such a strategy. Further work is needed to verify this finding and identify subgroups of children with severe asthma for whom an inflammation-based management plan may be of benefit and how best such a strategy should be implemented. Encouragingly, sputum induction was generally acceptable to the children, well-tolerated and increasingly successful at each study visit. However, monthly sputum induction is unlikely to be a practical clinical strategy in most children, suggesting the need for a better biomarker.
In conclusion, it was not possible to show a significant benefit of measuring sputum eosinophils at 3-monthly intervals in reallife practice in an unselected group of children with very severe asthma. The results reported here may be used to inform future work and power calculations. We suggest that children enrolled in the study should preferable be seen monthly, and also that the FP dosage should be capped, probably at 1000 mg/day, as part of the protocol and oral steroids added routinely above that level.
